Aims/hypothesis The aim of the study was to examine the effects of pioglitazone (PIO), a peroxisome proliferatoractivated receptor (PPAR)-γ agonist, and fenofibrate (FENO), a PPAR-α agonist, as monotherapy and in combination on glucose and lipid metabolism. Subjects and methods Fifteen type 2 diabetic patients received FENO (n=8) or PIO (n=7) for 3 months, followed by the addition of the other agent for 3 months in an openlabel study. Subjects received a 4 h hyperinsulinaemiceuglycaemic clamp and a hepatic fat content measurement at 0, 3 and 6 months. Results Following PIO, fasting plasma glucose (FPG) (p<0.05) and HbA 1c (p<0.01) decreased, while plasma adiponectin (AD) (5.5±0.9 to 13.8±3.5 μg/ml [SEM], p<0.03) and the rate of insulin-stimulated total-body glucose disposal (R d ) (23.8 ± 3.8 to 40.5 ± 4.4 μmol kg Conclusions/interpretation We conclude that PPAR-α therapy has no effect on NEFA or glucose metabolism and that addition of a PPAR-α agonist to a PPAR-γ agent causes a further decrease in plasma triacylglycerol, but has no effect on NEFA or glucose metabolism. 
Introduction
Peroxisome proliferator-activated receptor (PPAR)-α and PPAR-γ are members of the nuclear receptor superfamily which have been proposed to play key roles in lipid and carbohydrate metabolism [1] . PPAR-α agonists have been used to treat hypertriacylglycerolaemia and reduce cardiovascular risk [2, 3] . Studies in rodents clearly demonstrate that PPAR-α agonists improve hepatic and muscle insulin resistance, decrease hepatic and intramuscular fat content, reduce plasma NEFA and enhance adiponectin (AD) expression [4] [5] [6] [7] [8] . Some [9] [10] [11] , but not all [12] [13] [14] , studies in humans with hypertriacylglycerolaemia and/or type 2 diabetes suggest that PPAR-α agonists, i.e. fibrates, enhance insulin sensitivity. PPAR-γ agonists (i.e. thiazolidinediones) exert their metabolic effects by binding to the PPAR-γ receptor, which is located primarily on the adipocytes [15] . Previous studies from our laboratory [16, 17] and others [18, 19] have demonstrated that thiazolidinedione (PPAR-γ agonists) treatment in patients with type 2 diabetes mellitus is associated with a reduction in plasma NEFA levels and NEFA turnover, a shift in fat distribution from visceral and hepatic to subcutaneous depots, improved hepatic and peripheral (muscle) insulin sensitivity and enhanced insulin signalling. Of note, positive relationships between increased hepatic fat content and various measures of insulin resistance have been observed in humans, independently of BMI [16, 20] .
The adipocyte not only serves as a fat depot that releases NEFA, but also secretes a number of proteins or adipocytokines, including TNF-α, IL-6, leptin, resistin, AD and others, which affect hepatic and muscle insulin sensitivity and fat distribution [21] . Plasma AD levels are reduced in obese humans [22] , the offspring of diabetic parents [23] and patients with type 2 diabetes [22] and are increased two-to threefold following thiazolidinedione treatment [24] . We [25] and others [19] have previously reported that PPAR-γ (thiazolidinedione) treatment causes a threefold increase in plasma AD concentration, which is closely related to the decrease in hepatic fat content and enhanced hepatic and peripheral insulin sensitivity in type 2 diabetic patients. Injection of recombinant AD in mice enhances adenosine 5′-monophosphate-activated protein kinase (AMPK) activity, increases fatty acid oxidation and reduces triacylglycerol content in muscle, improves muscle sensitivity to insulin and decreases basal hepatic glucose output [26, 27] . Increased NEFA transport/oxidation in muscle and a reduction in plasma NEFA and muscle triacylglycerol concentration have also been reported following AD administration to rodents [26] . Although studies in rodents demonstrate that PPAR-α stimulation enhances AD expression [8] , the effect of PPAR-α treatment on hepatic fat content, plasma AD concentration and muscle AMPK activity in humans with type 2 diabetes has been less well studied.
The current study was designed to examine the effect of fenofibrate (FENO), a PPAR-α agonist, and pioglitazone (PIO), a PPAR-γ agonist, as monotherapy and in combination, on glucose and lipid metabolism, insulin sensitivity, plasma AD concentrations and hepatic fat content in type 2 diabetic patients.
Subjects and methods
Subjects Fifteen patients with type 2 diabetes participated in the study (age 52±3 years, BMI 31.5±1.3 kg/m 2 , HbA 1c 9.0±0.7% [SEMs]). Six subjects had been taking a stable dose of sulfonylurea drug for at least 6 months before study, and nine subjects were treated with diet alone. Sulfonylurea-treated diabetic patients were included because sulfonylurea drugs have no known direct effects on insulin sensitivity [28] . Patients who had received insulin, metformin, a thiazolidinedione or lipid-lowing agent within the previous 12 months were excluded. Entry criteria included: age 30-70 years, stable body weight (±1 kg) for at least 3 months before study and fasting plasma glucose (FPG) 7.0-14.5 mmol/l. All patients were in good general health, without evidence of cardiac, hepatic, renal or other chronic diseases as determined by history, physical examination, screening blood tests and urinalysis. No subjects participated in any heavy exercise, and no subjects were taking any medications known to affect glucose metabolism. All subjects gave signed voluntary informed consent before participation. The Institutional Review Board of the University of Texas Health Science Center at San Antonio approved the protocol.
Study design Three weeks before study, subjects met with a dietitian and were instructed to consume a weight-maintaining diet with 50% of total energy from carbohydrate, 30% from fat and 20% from protein. During the week prior to the start of PIO or FENO, all subjects received: (1) baseline measurements of FPG, plasma AD, NEFA, insulin (mean of three values drawn at 15 min intervals), fasting plasma lipids and HbA 1c ; (2) measurement of liver fat content with magnetic resonance spectroscopy [16, 25] ; and (3) quantification of hepatic and peripheral tissue insulin sensitivity with a hyperinsulinaemic-euglycaemic clamp [29] in combination with 3-[ 3 H]glucose. All studies were started at 06.00 hours following a 10 h overnight fast. Sulfonylurea-treated subjects discontinued their medication 48 h before the study.
Following completion of these studies, subjects were assigned randomly (using a table of random numbers) to receive FENO, 200 mg/day (n=8), or PIO, 45 mg/day (n=7), for 3 months and this was followed by addition of the other agent for an additional 3 months in an open-label study. Three patients in each group were on sulfonylureas at the time of randomisation and these were continued during the entire duration of the study. All subjects underwent a repeat insulin clamp study and measurement of hepatic fat content by proton spectroscopy at the end of 3 and 6 months. During the entire 6 month treatment period, subjects returned to the Clinical Research Center every 2 weeks at 08.00 hours following an overnight fast for measurement of FPG, body weight and blood pressure. Fasting plasma lipids (total cholesterol, triacylglycerol, HDL-cholesterol and LDL-cholesterol) were measured monthly. HbA 1c was measured twice during week 12 and twice during week 24. On each visit, dietary adherence was reinforced.
Hyperinsulinaemic-euglycaemic clamp Insulin sensitivity was assessed with a hyperinsulinaemic-euglycaemic clamp, as previously described [29] Vastus lateralis muscle biopsy A needle biopsy of the vastus lateralis was obtained under local anaesthesia in the fasting condition, immediately before the hyperinsulinaemic-euglycaemic clamp in six of the eight subjects who received FENO monotherapy for 3 months followed by the addition of PIO for an additional 3 months (two subjects did not consent to the muscle biopsy procedure). The sample (~100 mg) was frozen in liquid nitrogen for subsequent analyses.
Liver fat content (proton magnetic resonance spectroscopy) Liver fat content was assessed by magnetic resonance spectroscopy as previously described [16, 25] .
AMPK phosphorylation and protein production For western blotting, muscle lysates were prepared as previously described [30] . Proteins (50 μg) from the muscle lysates were separated by 10% SDS-PAGE and transferred to nitrocellulose membranes. After blocking the membranes with 5% BSA/Tris-buffered saline with Tween 20, they were probed overnight at 4°C with antibodies against antiphosphorylated AMPK (Thr172) (1:1,000) (Cell Signaling, Beverly, MA, USA). AMPK phosphorylation was normalised for total AMPK α protein content using a pan-α antibody (1:1,000) (Upstate Biotechnology, Lake Placid, NY, USA). Bound antibodies were detected using antirabbit immunoglobulin-horseradish peroxidase-linked antibody and ECL reagents (Perkin Elmer, Boston, USA), and the bands were quantified using ImageQuant software (Molecular Dynamics, Sunnyvale, CA, USA).
Analytical determinations Plasma glucose was measured by the glucose oxidase method (Beckman Instruments, Fullerton, CA, USA). Plasma insulin was measured by RIA (Diagnostic Products Corporation, Los Angeles, CA, USA).
3-[
3 H]glucose specific activity was determined on deproteinised barium/zinc plasma samples. Plasma NEFA concentration was determined by an enzymatic calorimetric quantification method (Wako Chemicals, Nuess, Germany). Plasma AD concentration was measured by RIA (Linco Research, St Charles, MO, USA).
Calculations Under steady-state post-absorptive conditions the rate of endogenous glucose appearance (Ra) was calculated as the 3-[ 3 H]glucose infusion rate (dpm/min) divided by the steady-state plasma 3-[ 3 H]glucose specific activity (dpm/mg). In the post-absorptive state, the hepatic insulin resistance index was calculated as the product of endogenous glucose production (EGP) and fasting plasma insulin concentration. During the hyperinsulinaemic-euglycaemic clamp the rate of total-body glucose appearance (Ra) was calculated using Steele's equation [31] , using a distribution volume of 250 ml/kg. EGP was calculated by subtracting the exogenous glucose infusion rate from Ra. The rate of insulin-stimulated total-body glucose disposal (R d ) was determined by adding the rate of residual EGP to the exogenous glucose infusion rate.
Statistical analysis Statistical calculations were performed with StatView for Windows, version 5.0 (SAS Institute, Cary, NC, USA). Values before and after treatment were compared using paired t tests. Data are presented as means ± SEM. p<0.05 was considered to be statistically significant.
Linear regression analysis was used to examine the relationship between plasma AD and hepatic fat content.
Results
Metabolic parameters are shown in Tables 1 and 2 Euglycaemic-hyperinsulinaemic clamp The steady-state plasma glucose concentrations during the 240 min hyperinsulinaemic-euglycaemic clamp were similar before and after 3 months of FENO monotherapy (5.8±0.2 vs 5.8± 0.2 mmol/l) and PIO monotherapy (5.8±0.2 vs 5.7± 0.2 mmol/l). During the insulin clamp studies performed after the addition of PIO to FENO and FENO to PIO, the steady-state plasma glucose levels were similar (5.7± 0.2 mmol/l). The steady-state plasma insulin concentrations during the insulin clamp studies were similar before and after FENO therapy (848±44 vs 825±34 pmol/l) and following the addition of PIO (798±30 pmol/l). Similarly, the steady-state plasma insulin concentrations during the insulin clamp studies were similar before and after PIO therapy (791±50 vs 753±39 pmol/l) and following the addition of FENO (779±48 pmol/l).
R d (Fig. 1) ). Suppression of plasma NEFA during the insulin clamp was similar before and after FENO treatment (145±28 to 120±18 μmol/l). Following the addition of PIO, suppression of plasma NEFA during the insulin clamp was significantly increased (120± 18 to 40 ±8 μmol/l, p< 0.005). Suppression of plasma NEFA was enhanced after 3 months of PIO monotherapy (143±13 to 84±27 μmol/l, p<0.05) and did not change significantly following the addition of FENO (84±27 to 57±14 μmol/l). The decrease in fasting plasma NEFA concentration in PIO-treated type 2 diabetic patients was strongly correlated with the improvement in R d (r=−0.51, p<0.05).
Basal rates of EGP were similar before and after FENO treatment (11.6±1.0 vs 11.1±0.5 μmol kg −1 min −1 ) and did not change significantly following the addition of PIO (11.1±1.0 μmol kg −1 min −1 ). Basal rates of EGP also were similar before and after PIO treatment (11.1±0.5 vs 10.5± 0.5 μmol kg −1 min −1 ) and did not change after the addition of FENO (11.1±0.5 μmol kg −1 min −1 ). Insulin-mediated ).
Plasma AD concentration Plasma AD (4.3±1.0 to 4.1± 0.8 μg/ml) did not change following FENO treatment (Fig. 1) . After the addition of PIO, plasma AD levels increased almost threefold (4.1±0.8 to 13.1±2.5 μg/ml, p<0.005). Following 3 months of PIO monotherapy, plasma AD increased significantly (5.5±0.9 to 13.8±3.5 μg/ml, p<0.03). Addition of FENO to PIO did not change plasma AD levels (13.8±3.5 to 14.1±4.5 μg/ml). Taken collectively, plasma AD levels before and after PIO treatment correlated with R d (r=0.51, p<0.05).
Hepatic fat content FENO monotherapy ( Fig. 1) 
Discussion
In the present study we examined the effect of PIO, a PPAR-γ agonist, and FENO, a PPAR-α agonist, on glucose and lipid metabolism, insulin sensitivity, plasma AD concentration and hepatic fat content in type 2 diabetic patients. Within the therapeutic and supra-therapeutic range of plasma PIO concentrations, this thiazolidinedione does not manifest any PPAR-α activity [32] , whereas FENO is a pure PPAR-α agonist [33, 34] . While the PPAR-α effect of FENO is considered to be moderate, it is the only fibrate (along with gemfibrozil) approved for use in humans. Consistent with previous studies in man [16] [17] [18] [19] 35] , PIO in the present study enhanced adipocyte sensitivity to the antilipolytic effect of insulin, leading to a decrease in fasting plasma NEFA concentration and improved insulinmediated suppression of plasma NEFA concentration. These results are consistent with the concept that the insulin-sensitising effect of PPAR-γ agonists, at least in part, are indirect and mediated via a reduction in plasma NEFA and intramyocellular concentration of toxic lipid metabolites [1, 35] . In a recent study [36] , PIO was shown to enhance the clearance of very-low-density-lipoprotein (VLDL) triacylglycerol-rich particles from the circulation. However, since substrate (plasma NEFA and glucose) delivery to the liver plays an important role in hepatic triacylglycerol synthesis [37] , one could hypothesise that part of PIO's triacylglycerol-lowering effect could be related to the reduction in plasma NEFA and/or glucose concentrations. FENO did not significantly reduce fasting plasma NEFA or glucose concentrations and did not alter adipocyte sensitivity to insulin, yet it reduced the plasma triacylglycerol concentration by a similar amount to that observed with PIO. These findings indicate that FENO exerts a direct inhibitory effect on hepatic VLDL synthesis/secretion or enhances triacylglycerol clearance from the circulation [38, 39] . Fibrates, which possess modest PPAR-α activity, stimulate intravascular lipoprotein lipolysis, enhancing lipoprotein lipase (LPL) activity and reducing the expression of apoCIII, a natural LPL inhibitor. They also inhibit triacylglycerol synthesis and VLDL production by favouring fatty acid uptake and retention, by enhancing fatty acid catabolism and by reducing fatty acid synthesis in hepatocytes [40] . As hypotriacylglycerolaemic drugs, fibrates also induce the expression of apolipoprotein A5 (APOA5), an important regulator of plasma triacylglycerol levels [41] .
The results of the present study suggest that FENO directly inhibit hepatic VLDL synthesis, possibly by upregulating APOA5. In contrast, PIO does not alter APOA5 expression in patients with type 2 diabetes [36] . Despite the widespread use of PPAR-α agonists (i.e. FENO and gemfibrozil) for the treatment of hypertriacylglycerolaemia in type 2 diabetic patients, their effect on insulin sensitivity in humans has not been rigorously examined and conflicting results have been reported [9] [10] [11] [12] [13] [14] . Studies in rodents conclusively demonstrate that PPAR-α activation with FENO and other more potent PPAR-α agents enhances peripheral (muscle) and hepatic insulin sensitivity [4] [5] [6] [7] [8] . Although PPAR-α-null mice do not manifest any obvious alteration in insulin sensitivity [42] , PPAR-α activation in nutritional (high-fat diet), genetic (Zucker obese fa/fa rat), and lipoatrophic (A-ZIP/ F-1) models of insulin resistance markedly improves insulin sensitivity [4, 7, 43] and reduces visceral fat in the two former models. Intracellular fatty acids and their derivatives interfere with insulin-stimulated glucose metabolism, through an effect on the insulin-signalling pathway, possibly by activating protein kinase C [1, 44] . In rodents it has been suggested that PPAR-α activation increases fatty acid oxidation, thus decreasing intramyocellular lipid content and improving insulin sensitivity [4] [5] [6] [7] . In contrast, PPAR-α-null mice are protected from high-fat diet-induced insulin resistance [42] . Furthermore, while in both man and rodents fibrates decrease plasma triacylglycerol, their effects on HDL occur in an opposite manner in these species. Whereas in humans plasma HDL-cholesterol consistently increases with fibrate treatment, a pronounced decrease is observed in rodents. In rats, fibrate treatment lowers hepatic, but not intestinal, apoliprotein (apo) A-I levels, due to a decreased transcription rate of the apoA-I gene in liver. In contrast, the transcription rate of the human apoA-I gene is induced by PPAR-α via its interaction with a positive PPAR response element located in the human apoA-I gene promoter liver-specific enhancer [45] . At present, there is no clear explanation for the markedly discrepant results obtained in rodents vs humans. Nonetheless, the present results clearly demonstrate that in man the PPAR-α agonist, FENO, does not enhance insulin sensitivity in either peripheral tissues (muscle), liver or adipocytes and has no effect on circulating NEFA levels in type 2 diabetic patients. These results may provide a potential explanation for the lack of an effect of FENO on the primary cardiovascular outcome in the recently published FIELD study [46] . However, it should be noted that gemfibrozil treatment in type 2 diabetic patients has previously been shown to reduce the risk of macrovascular complications in the VA-HIT study [47] , suggesting that the two fibrates may have differing effects on macrovascular complications in type 2 diabetic patients.
Studies in animals indicate that PPAR-α agonists increase hepatic fat oxidation and reduce hepatic fat content in association with enhanced insulin-mediated suppression of EGP [3, 7, 43, 48] . Although hepatic fat oxidation was not measured in the present study, we did not observe a significant reduction in hepatic fat content or an increase in hepatic insulin sensitivity (in contrast to PIO therapy) following FENO therapy. The lack of effect of FENO on hepatic fat content in the present study serves to emphasise further the differences between the actions of PPAR-α agonist in humans vs rodents.
Of note, we observed an additive effect of combined PIO plus FENO therapy on the reduction in plasma triacylglycerol concentration in the present study, suggesting that the mechanisms responsible for triacylglycerol lowering may be complementary [49, 50] . Further, the results of the present study suggest that a combination of PPAR-γ and PPAR-α therapy (dual PPAR therapy) may be an effective means to lower elevated plasma triacylglycerol concentrations in type 2 diabetic patients [51] . The results of the present study also demonstrate that the decrease in plasma triacylglycerol levels following combined PPAR-α and PPAR-γ therapy is associated with an additive effect to increase plasma HDL-cholesterol levels.
FENO monotherapy did not alter the plasma AD concentration. Previous studies from our laboratory have shown a strong relationship between reduced plasma AD levels and both hepatic and peripheral (muscle) tissue insulin resistance in type 2 diabetic patients [25] . One of the primary effects of AD is to enhance intracellular AMPK activity and increase fatty acid oxidation in muscle, leading to a decrease in intracellular fatty acid metabolites (i.e. FACoAs diacylglycerol, ceramides) and enhanced insulin signal transduction [26, 52] . In contrast to the lack of an effect of FENO therapy on insulin sensitivity, plasma AD levels and muscle AMPK phosphorylation, PIO therapy was associated with a threefold increase in plasma AD concentrations and a twofold increase in skeletal muscle AMPK activity. Although we did not determine muscle AMPK activity in the diabetic patients who received PIO monotherapy in the present study, we have demonstrated previously that PIO monotherapy significantly increases AMPK activity [53] . To the best of our knowledge, this is the first study to examine the effect of combined PPAR-α and PPAR-γ agonists on plasma AD levels and skeletal muscle AMPK activity in type 2 diabetic subjects. Our results demonstrate that FENO, a PPAR-α agonist, has no stimulatory effect to increase plasma AD levels, when given as monotherapy or when added to PIO monotherapy. In contrast, PIO, when given as monotherapy or added to FENO-treated patients, is associated with a marked increase in plasma AD concentration. FENO monotherapy has no effect on skeletal muscle AMPK activity, whereas addition of PIO to FENO-treated diabetic patients stimulates AMPK phosphorylation. These results suggest that enhanced peripheral (muscle) insulin sensitivity following PIO treatment may be associated with at least two distinct mechanisms: (1) AD-mediated enhanced intracellular AMPK activity, leading to increased muscle fatty acid oxidation, reduction in intramyocellular fatty acid metabolites and enhanced insulin signal transduction [52] ; and (2) a reduction in plasma NEFA concentration following enhanced adipocyte insulin sensitivity and decreased lipolysis [35] , leading to a decrease in intramyocellular lipid metabolites. In summary, treatment of type 2 diabetic patients with a PPAR-α agonist (FENO) has no effect on plasma glucose/ NEFA/AD concentrations, hepatic fat content, muscle AMPK activity, or hepatic, adipocyte and peripheral (muscle) tissue insulin sensitivity despite a reduction in plasma triacylglycerol levels and an increase in HDLcholesterol. Addition of FENO to PIO-treated patients causes a further reduction in plasma triacylglycerol levels and a further increase in HDL-cholesterol, but has no effect on glycaemic control, peripheral tissue (muscle), hepatic or adipocyte insulin sensitivity, hepatic fat content or plasma AD levels beyond that observed with PIO monotherapy.
